We interpret recent spectral data of Mars collected by the Mars Exploration Rovers to contain substantial evidence of sulfate minerals and aqueous processes. We present visible/near-infrared (VNIR), mid-IR and Mössbauer spectra of several iron sulfate minerals and two acid mine drainage (AMD) samples collected from the Iron Mountain site and compare these combined data to the recent spectra of Mars. We suggest that the sulfates on Mars are produced via aqueous oxidation of sulfides known to be present on 
INTRODUCTION
Sulfates have been proposed to occur on Mars based on the presence of sulfur and the oxidizing environmental conditions (e.g. Settle, 1979 , Burns, 1987 , Burns and Fisher, 1990 , Clark and Baird, 1979 , Clark and Van Hart, 1981 ) and 14.2% S (Dreibus and Wänke, 1987) , which is higher than the 8.9% FeO (as Fe 2+ and/or Fe 3+ ) and 9.0% S estimated for Earth (Morgan and Anders, 1980) . These elevated Fe and S levels on Mars are consistent with the presence of even more Fe-and S-bearing minerals on Mars compared to Earth. Sulfate contents of 6-8 wt.% have been observed in the fine-grained surface material at the Viking and Pathfinder sites (Clark et al., 1982 , Foley et al., 2003 .
Sulfates have also been identified through direct observation of martian meteorites (e.g. Treiman et al., 1993 , Gooding et al., 1991 . Early ground-based observations had suggested the presence of sulfates in the spectra of Mars McCord, 1995, Pollack et al., 1990 ) and more recent analyses suggest that sulfates are more globally distributed in the dust (Bandfield, 2002) and cemented soil (Cooper and Mustard, 2001 ).
However, no strong signatures of either carbonate or sulfate bedrock were found in global surveys using TES data (Bandfield, 2002) .
Recent analyses by the Mars Exploration Rovers (MERs) at the Meridiani Planum and Gusev crater landing sites and the Visible and Infrared Mineralogical Mapping
Spectrometer (OMEGA) on board Mars Express have provided much more detailed information about the presence of sulfates on Mars. Measurements using the AlphaParticle X-ray Spectrometer (APXS) on outcrop rocks at Meridiani Planum suggest the presence of greatly elevated S levels, even as much as 20-40% sulfate , Moore, 2004 , Clark, 2004 . The Mössbauer instrument uniquely identified jarosite as one sulfate-bearing mineral present at Meridiani (Klingelhöfer et al., 2004a) , however geochemical modeling , Clark, 2004 and spectral analyses (Lane et al., 2004) suggest that other sulfate minerals are present as well. Recent analyses of the Mini-Thermal Emission Spectrometer (Mini-TES) data include spectral models using a mixture of hydrous and anhydrous sulfates to reproduce spectra of these outcrop rocks at Meridiani (Christensen et al., 2004b) . The presence of jarosite at Meridiani implies a highly acidic (pH <3) formation environment (Bigham et al., 1992) and the sedimentary character of the jarosite-bearing sulfur-rich outcrops there is consistent with a large aqueous system. Diagnostic near-infrared absorptions of the sulfate minerals kieserite and gypsum have been identified in data from the OMEGA instrument in several locations on Mars (Bibring, 2004 , Gendrin et al., 2004 . The deposits range from small, light-toned outcrops in Valles Marineris to regional layers rich in sulfate in the Meridiani region. These recent discoveries highlight the importance of studying sulfate minerals in particular as direct tracers of the alteration history of the red planet. A variety of sulfate minerals are likely present on Mars and Fe 2+ sulfates may be more likely than Fe 3+ sulfates due to the oxidative pathways of these minerals, as described in a later section.
Because the upcoming Compact reconnaissance imaging spectrometer for Mars (CRISM) will evaluate these sulfate-bearing sites at lower surface resolution (Murchie et al., 2003) , it is necessary to characterize potential sulfate minerals and naturally-occurring sulfate deposits in order to identify them on Mars. Burns (1987) suggested that the production of ferric (Fe 3+ ) sulfate minerals on Mars occurs through oxidative weathering of iron sulfides, and he also extended this alteration model to describe the formation of gossans on Mars (Burns, 1988) . These gossans include poorly-crystalline or nanophase iron oxide and silicate phases as well as jarosite. Morris et al. (1996 Morris et al. ( , 2000 and Bishop et al. (1998a) have found jarosite, alunite, alunogen and other sulfate species in a range of volcanic tephra and ash samples formed through hydrothermal alteration. Such Fe-and Al-bearing sulfates also may have formed on Mars through similar processes. The martian surface material could contain both magnesium sulfate salts and Fe-, Al-, Ca-or Mg-bearing sulfate minerals. This would explain why only a weak correlation exists between Mg and S (Clark, 1993) . Because Fe is assumed to be present as oxides and silicates, it may not correlate well with S abundance even in the presence of a few wt.% SO 3 in a jarosite-group mineral.
More recently, Burns (1994) suggested the possibility of formation of the ferric oxyhydroxysulfate mineral schwertmannite in equatorial regions of Mars, where acidic permafrost melts and is oxidized by the martian atmosphere. Streams flowing from acid rock drainage sites or natural acidic environments often produce a variety of sulfate minerals as the pH and water chemistry vary downstream (Schwertmann et al., 1995) .
The formation of nanophase ferric oxides/oxyhydroxides and sulfates including ferrihydrite, schwertmannite and jarosite occur under similar geochemical environments and under specific, but partly overlapping, pH ranges, and some minerals can form multiple morphologies and grain sizes (Bigham et al., 1994 (Bigham et al., , 1996 . Sulfides are oxidized in these environments through either biomediated or inorganic pathways (e.g. Singer and Stumm, 1970 , Edwards et al., 2000 , Baker and Banfield, 2003 . Examples of terrestrial acidic environments where iron oxide/oxyhydroxide and sulfate minerals form include the Tinto River in Spain (e.g. Fernández-Remolar et al., 2004) and the Iron Mountain site in California (e.g. Nordstrom and Alpers, 1999) .
Because the sulfate outcrops in Meridiani are thought to have formed via wide-spread aqueous activity (e.g. Squyres et al., 2004 , Hynek, 2004 these are ideal sites to search for evidence of life on Mars. Although precipitation of sulfates in acidic environments on Earth does not require the presence of microorganisms, they are typically involved in the process. This suggests that biomediation of the large sulfate outcrops might be considered as a possibility on Mars as well.
METHODS

Samples
Sulfate precipitates were collected from acid mine drainage (AMD) outflow from the Iron Mountain site in California. This is a superfund site located about 15 km north of Redding off Interstate 5 in Shasta County (Figure 1 ) and has been the focus of previous studies (e.g. Nordstrom and Alpers, 1999 , Edwards et al., 2000 , Nordstrom, 1985 . One sample collected for this study is from a sulfuric acid solution that was neutralized with lime to form sediment and subsequently dried in air to form a dark orange-red crust (JB577); the other is a bright green crystalline rock (JB626). The natural sample JB626 was identified as rozenite through X-ray diffraction (XRD) and the neutralized AMD sample JB577 was identified as a mixture of gypsum and ferrihydrite through infrared (IR) and Mössbauer analyses. Both samples were gently crushed and dry sieved in order to characterize both the bulk and fine-grained fractions of these samples. Images of the Iron Mountain site and samples collected for this study are shown in Figure 2 . The minerals ferricopiapite, coquimbite, and szomolnokite were obtained and characterized for a related study as examples of hydrated iron sulfates that could form on Mars. The hand samples were walnut-sized and subsamples thereof were powdered and dry-sieved to <125 µm. XRD patterns of the samples in this study were measured using either a Rigaku Geigerflex powder diffractometer (at 40 kV and 35mA) or a Rigaku Miniflex diffractometer at Mount Holyoke College. CuKα radiation over a 2θ of 0 to 70 and a step size of 0.02° 2Θ min -1 was used. The spectra of additional finegrained aliquots of minerals from previous studies are included here as well: ferrihydrite (Bishop and Murad, 2002) , jarosite , schwertmannite (Bishop and Murad, 1996) , and gypsum . Ideal mineral formulas for these samples are given in Table 1 .
Reflectance Spectra
Bidirectional visible/near-infrared (VNIR) reflectance spectra were measured relative to Halon under ambient conditions at the Reflectance Experiment Laboratory (RELAB) at Brown University. Biconical (off-axis) IR reflectance spectra were measured relative to a rough gold surface using a Nicolet 740 FTIR spectrometer in a dry, controlled humidity environment in order to remove adsorbed water from the samples. The samples were placed in the sample chamber for ~12 hours under N 2 in order to remove H 2 O and CO 2 adsorbed on the surface of the grains or in the air above the samples. This provides a more Mars-like environment for the samples at the time of measurement than if the samples were measured under ambient Earth conditions. Composite, absolute reflectance spectra were prepared by scaling the FTIR data to the bidirectional data near 1.2 µm.
The spectral sampling is 5 nm for the bidirectional data and 2 cm -1 for the FTIR data.
Emission Spectra
Emission spectra were measured at the Mars Space Flight Facility at ASU using a Nicolet Nexus 670 E.S.P. FTIR spectrometer. This spectrometer has been modified for emission measurements and is equipped with a thermoelectrically stabilized DTGS detector and a CsI beam splitter that enables measurement of emitted radiation over the mid-infrared range of 2000 to 200 cm -1 . Spectra of hand samples were acquired at ~50 °C over the course of 160 scans at 2 cm -1 sampling.
Mössbauer Spectra
Mössbauer spectra were acquired at Mount Holyoke College using a WEB Research Singer and Stumm, 1970 , Nordstrom, 1982 , Holmes and Crundwell, 2000 . Resulting solutions contain near molar concentrations of Fe and H 2 SO 4 and millimolar levels of Zn, Cu, and As. Several hydrated sulfate minerals form underground by evaporation of the AMD solution. These include melanterite, chalcanthite, coquimbite, rhomboclase, voltaite, copiapite and halotrichite (Nordstrom and Alpers, 1999) . Sulfides are also predicted to have oxidized on Mars given liquid water and even low oxygen levels (Burns, 1987) . Many sulfide minerals including pyrrhotite, pyrite, chalcopyrite, troilite, marcasite and pentlandite have been identified in martian meteorites (e.g. Bunch and Reid, 1975 , Boctor et al., 1976 , Floran et al., 1978 , Stolper and McSween Jr., 1979 , Steele and Smith, 1982 , Harvey et al., 1993 . Oxidation of sulfides is a complex process requiring multiple steps that depend as much on the crystallinity, purity, and grain size of the sulfide as on the pH of the aqueous environment (e.g. Nordstrom, 1982) . (Nordstrom, 1985) . Microbes have long been known to participate in the oxidation of sulfides at acid mine drainage sites (Colmer and Hinkle, 1947) . At the Richmond Mine site, for example, organisms such as Leptospirillum ferrooxidans catalyze the oxidation of ferrous to ferric iron, and this has been estimated to increase rates of pyrite dissolution by a factor of ~ 2-4 (Edwards et al., 1998) .
Aqueous oxidation of sulfides on Mars could be responsible for the presence of copious amounts of sulfate observed in some regions of Meridiani (Gendrin et al., 2004 , Bibring, 2004 , Klingelhöfer et al., 2004a . The light-toned crater rims associated with the most degraded, oldest craters in Meridiani fall on an isochron dating the sulfate material to approx. 4 Gya (Hartmann et al., 2001 , Lane et al., 2003 . This reaction could have occurred on Mars over long time periods and biology need not be invoked in order to explain the occurrence of Fe 3+ sulfates. However, given the association of microorganisms such as Acidithiobacillus ferrooxidans with the oxidation of sulfides in numerous localities on Earth (Nordstrom and Southam, 1997) , deposits of sulfate precipitates on Mars may be ideal sites to search for extinct life on that planet.
Spectra of AMD crust material
Reflectance spectra of the AMD crust sample (JB577-C) are compared with those of the minerals gypsum and ferrihydrite in Figure 3 . Part of the precipitated crust was gently crushed and dry sieved to <125 µm particle size (JB577-B) and <45 µm particle size (JB577-A). These are actually aggregate sizes composed of much smaller grains, at least for the ferrihydrite particles, that are typically only a few nanometers in size.
Spectra of these three size separates exhibit different abundances of ferrihydrite and gypsum as seen in the VNIR spectra in Figure 3a and the mid-IR spectra in Figure 3b .
The <45 µm AMD spectrum exhibits the strongest ferrihydrite features; these include the . Broad water stretching bands are observed near 3 µm for all of these spectra and broad water combination bands are observed near 1.45 and 1.95 µm. Sharper OH and SO 4 overtones and combinations are observed throughout this region and vary somewhat depending on the bonding arrangement. These bands have been described in detail for jarosite and alunite . The AMD rozenite spectra include combination bands near 2.42 and 2.54 µm, as well as a cluster of overlapping bands from 4.2 to 4.8 µm.
Mid-IR reflectance spectra of the AMD rozenite, plus ferricopiapite, coquimbite, szomolnokite, schwertmannite and jarosite are displayed in Figure 6 . Both emittance and reflectance spectra are shown for the AMD rozenite rock sample in order to illustrate the similarity in these spectra. Reflectance spectra were measured for small rock chips (a few mm across), while emittance spectra were measured for the whole rock sample (~2 cm across). ) bending motions (Ross, 1974) . Pure tetrahedral (Td) sulfate sites are rare in minerals and for these cases IR absorptions occur for ν 3 and ν 4 , but not for ν 1 and ν 2 , which are IR inactive (Adler and Kerr, 1965) . Transmittance spectra of sulfate minerals are described by Ross (1974) and show a variety of IR absorptions due to distortions in the Td structure. Emittance spectra of selected sulfates are described by Lane and Christensen (1998) and Lane (2004) . Mid-IR reflectance spectra of selected sulfates have also been reported (e.g. Salisbury et al., 1991 , Bishop and Murad, 1996 . In the structures of sulfates such as jarosite, one O from each We suggest that multiple iron sulfate minerals may be contributing to these spectra and that they are the components responsible for the broad Mössbauer doublets in the Meridiani soil and outcrop spectra rather than the mineral olivine. We also suggest that iron sulfate minerals rather than olivine are present in the Mössbauer soil spectra observed at Gusev crater, although we accept the interpretation of olivine in the spectra of rock interiors at Gusev. Our interpretations are based on observations of olivine casts in the Gusev rocks suggesting that the olivine has weathered out of the rock rinds and the presence of several weight percent SO 3 as sulfate in the surface fines . Olivine is one of the first minerals lost upon alteration of basaltic rocks (e.g. Colman, 1982, Nesbitt and Young, 1984) and a recent chemical weathering study of basalts indicates that sulfates form upon exposure of basalts to acidic solutions (Tosca et al., 2004) . Given evidence of alteration of large olivine grains in rocks at Gusev crater, it is geologically unlikely that tiny olivine grains are present in the sulfate-rich fine-grained surface material. Thus, identifying alternative plausible minerals for the Mössbauer signature is important. We support the interpretation of Fe 2+ sulfates as minerals contributing to the ferrous Mössbauer doublet in the ubiquitous martian soil and in the sulfate-bearing outcrop rocks at Meridiani Planum.
Analysis of Pamcam spectra of Mars
The Panoramic camera (Pancam) on each of the MER rovers measures spectral images of Mars using up to eleven filters in the extended visible region (Bell et al., 2003) Bell et al., 2004a) than was observed by the Imager for Mars Pathfinder (IMP) that has similar filters (e.g. Smith et al., 1997 , Murchie et al., 2005 . Pancam spectra of Mars are compared with lab spectra convolved to the Pancam filters in Figure   8 . These spectra are explained as a combination of basalt and altered phases including poorly crystalline iron oxides and silicates (Bell et al., 2004a) .
Sulfate minerals are also likely contributing to these spectra (Bishop et al., 1998b , Murchie et al., 2005 . Pancam-convolved spectra of several sulfate minerals (Figure 8b Additional minerals such as olivine and pyroxene (present in the martian meteorites) contain a strong absorption near 1 µm that is not observed in the spectra of martian rocks and soils, thus limiting the presence of these minerals. For example, ratios of band 10 (935 nm) to band 6 (755 nm) give an average of 0.97 for the martian soil spectra shown in Figure 8a . This band ratio for <125 µm coquimbite is 1.14, for <125 µm ferricopiapite is 0.91, for <45 µm jarosite is ~0.81 (average of four jarosite spectra), for <45 µm schwertmannite is 0.86, for <125 µm szomolnokite is 0.72 and for <125 µm AMD rozenite is 0.56 (and 0.65 for coarser grains) shown in Figure 8b . Ca-or Mg-sulfates would have a flat ratio here because the spectral feature near 900-1000 nm is due to iron.
For the <125 µm olivine spectrum shown in Figure 8d this band ratio is 0.70 (and 0.51 for coarser grains) and for the <125 µm pyroxene bearing martian meteorite it is 0.48 (and 0.40 for the coarser grains). In order to achieve a soil mixture that resembles the spectral character of martian soils, minerals such as olivine and pyroxene (and some iron sulfates such as rozenite and szomolnokite) would need to be mixed with spectrally flat species such as altered volcanic material, Ca-or Mg-sulfates, or something like coquimbite that has a ratio >1.
The spectra of the ferrihydrite-and gypsum-bearing AMD crust material presented in this study and an altered volcanic soil from Haleakala, Maui, containing a number of poorly crystalline silicate and iron oxide-bearing phases are consistent with the dominant spectral character in this region. Normalized spectra of a Mars Pathfinder soil (from Murchie et al., 2005) and a Meridiani soil (from Bell et al., 2004b) are shown in Figure 8e . This shows the similarity in general spectral shape of the martian soils, although there are some differences in brightness and curvature near 0.6 and 1 µm for the soils at the Pathfinder, Gusev crater and Meridiani Planum sites. A normalized soil mixture spectrum derived from the spectra of the Haleakala volcanic soil, gray hematite, szomolnokite and schwertmannite spectra ) is also shown in Figure 8e for comparison. Besides the weak band near 900-1000 nm, the gentle spectral slope across bands 1 (434 nm) to 2 (482 nm) to 3 (535 nm) is difficult to model with many mineral and martian meteorite spectra. This less pronounced spectral slope from 434 to 535 nm is observed for many iron oxides/oxyhydroxides and iron-bearing sulfates.
Adding more than ~10 wt.% hematite or goethite to a soil mixture produces other spectral inconsistencies, so is not helpful in resolving this part of the spectrum. Minerals such as ferrihydrite, jarosite, schwertmannite and szomolnokite model well the general spectral character in this region, but are brighter than the martian soils. Thus, mixing some sulfate minerals or the AMD crust sample studied here into an altered basaltic matrix provides a good spectral match for the martian dust measured in several regions on the planet. This is consistent with a combination of both alteration of basaltic rocks and aqueous acidic alteration processes taking place on Mars.
Analysis of emission spectra of Mars
Global emission spectra have been collected on Mars from 200-1650 cm -1 by the Thermal Emission Spectrometer (TES) on Mars Global Surveyor since 1999 (Christensen et al., 2001 ). The Mini-TES is a related instrument on board each of the MER rovers . Shown in Figure 9 are TES and Mini-TES spectra of Mars compared with emission spectra of sulfate minerals and reflectance spectra of AMD materials. The dominant spectral character of the rocks observed by Mini-TES at Gusev crater are basaltic rocks (Christensen et al., 2004a) . This is consistent with the global TES signatures observed for Mars that are interpreted as basalt and andesite or basalt and altered basalt (Wyatt and McSween, 2002) .
A recent study of the global martian dust revealed the presence of two weak emissivity minima near 1580 and 1390 cm -1 . These were attributed by Bandfield et al. (2003) to the presence of bound water and carbonate based on lab studies of mixtures of a small amount of carbonate minerals in feldspar. A similar and somewhat stronger doublet was observed by Christensen et al. (2004a) in Mini-TES soil spectra at Gusev crater. Another explanation for this mid-IR martian soil doublet is hydrated iron sulfate minerals (Lane et al., 2004) . Doublets are observed in this spectral region for sulfate minerals such as ferricopiapite, szomolnokite and rozenite. These minerals have been observed at AMD sites and are typically associated with acidic aqueous environments. Mid-IR spectra of natural ferrihydrites also exhibit a doublet in this region (Bishop and Murad, 2002) as well as the AMD crust material collected at the Iron Mountain site (Figure 9 ). This suggests that there are a few possible explanations for the mid-IR martian soil doublet and that this spectral feature needs to be investigated further by analysis of more minerals and analog materials.
Whether this weak emissivity doublet is interpreted as bound water plus carbonate or hydrated iron sulfate minerals has important implications for Mars because these minerals imply different environmental conditions. As discussed by Lane et al. (2004) the presence of iron-bearing sulfates in the martian surface material is consistent with chemical weathering of the surface via low-pH waters. This environment would preclude the presence of carbonate and olivine in the soils that result from weathering, although these minerals could be present and protected inside rocks. If this emissivity doublet is due to sulfates, then these spectra are consistent with the presence of 10-20 wt.% sulfate in the Pancam and Mössbauer spectra.
SUMMARY AND APPLICATIONS TO ASTROBIOLOGY ON MARS
This study includes VNIR, mid-IR and Mössbauer spectra of two AMD samples collected from the Iron Mountain site in California and several iron sulfate minerals. We compare these data to the new spectra of Mars collected by the MERs and interpret the martian data to contain substantial evidence of sulfate minerals. Based upon comparison of multiple types of spectral data and geologic reasoning, we assign the broad doublet present in Mössbauer spectra of soils to be due to Fe 2+ sulfates rather than olivine, and we attribute the weak emissivity doublet near 1390 and 1580 cm -1 in martian soil spectra to be due to hydrated iron sulfates (and/or oxyhydroxides) rather than carbonates. Our spectral mixture analyses of Pancam and IMP data also indicate that 10-20 wt.% sulfate is needed along with altered basaltic material in order to explain the martian soil spectra observed. Identification of the minerals present in martian rocks and soils is important for astrobiology because minerals are indicators of environmental factors such as aqueous processes, pH, and temperature that are necessary to define on Mars in order to look for potential habitable environments. Hydrated iron sulfate minerals are consistent with lowtemperature, acidic aqueous environments.
The dark red neutralized AMD crust material measured in this study is a mixture of ferrihydrite and gypsum. The spectral properties of an air-dried aliquot of this sample contain features of both minerals and favor those of ferrihydrite for the finer fraction.
The crusted material exhibits spectral properties of coarser particles suggesting that if material like this were formed into cemented soil units on Mars it would appear to be a coarser-grained material. The bright green AMD crystalline rock is composed of the iron sulfate mineral rozenite and contains spectral features similar to the iron sulfate mineral melanterite. In fact, it would be difficult to distinguish among rozenite and melanterite on Mars with VNIR, mid-IR and Mössbauer spectra. The AMD rozenite spectra include extended visible region bands near 0.43, 0.98 and ~1.2 µm, as well as isomer shift and quadrupole splitting parameters of 1.32 mm/s and 3.02, respectively, due to the iron in this sample. The AMD rozenite spectra include VNIR bands due to bound H 2 O near 1.45, 1.97, and 3 µm, plus OH and SO 4 overtone and combination bands near 2.42 and 2.54 µm and from ~4.2 to 4.8 µm, as well as an additional feature near 2.1 µm for the coarse-grained sample. Understanding the VNIR spectral features of natural sulfates and sulfate-bearing materials is important for interpretation of the current OMEGA spectra and upcoming CRISM spectra. The AMD rozenite sample exhibits emissivity minima near 1550, 1435, 1100, 808, 614, 510, and 290 cm ferricopiapite, coquimbite, szomolnokite, schwertmannite and jarosite. Figure 6 Mid-IR reflectance and emittance spectra of the AMD rozenite and other acid sulfates: ferricopiapite, coquimbite, szomolnokite, schwertmannite and jarosite. Emittance spectra were measured of bulk rock samples and reflectance spectra were measured of the fine-grained powders. The inverse reflectance spectra can be equated with emittance spectra in most cases. olivine JB557 <125 µm, EETA79001 lithology B powder <125 µm, AMD crust JB577 <45 µm, volcanic soil JB399 <45 µm, and E) normalized spectra of a Mars Pathfinder soil (from Murchie et al., 2005) , a Meridiani soil (from Bell et al., 2004b ) and a soil mixture spectrum derived from the spectra of the volcanic soil, gray hematite, szomolnokite and schwertmannite spectra.
Figure 9 TES and Mini-TES spectra of Mars compared with emittance spectra of sulfate minerals (offset for clarity) and reflectance spectra of AMD materials. The TES global dust spectrum is from Bandfield et al. (2003) , and the Mini-TES Gusev crater dust spectrum is from Christensen et al. (2004a) . 
